Background: Adverse pregnancy outcomes such as preterm birth (PTB), low birth weight (LBW), and small for gestational age (SGA) remain major global problems. We compared pregnancy outcomes among HIV-infected women receiving antiretroviral treatment (ART) and with CD4 $350 cells, and HIV-uninfected women to assess whether disparities associated with HIV infection have been eliminated through use of ART.
INTRODUCTION
Research in sub-Saharan Africa (SSA) predating the introduction of antiretroviral treatment (ART) showed strong associations between HIV infection, adverse pregnancy outcomes, and increased morbidity and mortality. 1, 2 Similar to multiple studies, the recent PROMISE (Promoting Maternal and Infant Survival Everywhere) multicountry randomized trial of HIV-infected women and their infants provided conclusive evidence that perinatal HIV transmission can be dramatically reduced (;0.5%) when triple ART is used during pregnancy. 3 Coupled with postpartum continuation of maternal ART or infant ART prophylaxis during breastfeeding, 4 these strategies can nearly eliminate transmission by reducing viral load, slowing disease progression, and improving maternal and infant health.
Despite progress made toward eliminating mother to child transmission of HIV with ART, low birth weight (LBW), preterm birth (PTB), and small for gestational age (SGA) continue to have negative impact on child health in Africa. 5, 6 Other demographic, behavioral, nutritional, and clinical risk factors also contribute to the burden of adverse pregnancy outcomes in these settings, 7 potentially including exposure to ART in utero. Data from SSA suggest that maternal triple ART use may be associated with adverse pregnancy outcomes. The PROMISE trial found statistically significant higher rates of PTB and LBW in mother-infant pairs randomized to triple ART 3 ; the regimens studied included zidovudine (ZDV), nevirapine (NVP), tenofovir (TDF)/emtricitabine (FTC), lamivudine (3TC), and lopinavir/ritonavir (LPV-r). However, other ART studies suggest that the ART effect on adverse pregnancy outcomes is not limited to protease inhibitors, and exposure to efavirenz (EFV)-based ART or other combinations may increase risk. [8] [9] [10] [11] Although recent data from Botswana showed reassuring findings for TDF/FTC/EFV compared with other ART regimens, 12, 13 previous reports showed conflicting findings. [14] [15] [16] Several mechanisms have been hypothesized for the occurrence of adverse outcomes such as ART may create an imbalance in the Th1/Th2 immune response, chronic placental insufficiency, and lowering of progesterone levels. [17] [18] [19] [20] [21] We conducted a study comparing 3 adverse pregnancy outcomes (PTB, LBW, and SGA including the subclasses of proportionate and disproportionate SGA) among HIVinfected women on ART during pregnancy and HIVuninfected women concurrently recruited in Blantyre, Malawi. The Blantyre research site participated in the PROMISE trial and has conducted maternal and child HIV research for over 20 years. The aim of the current analysis of the study, known as POISE (Pregnancy Outcomes and Infant Survival in the Era of Universal HAART in Africa), was to compare PTB, LBW, and SGA between healthy HIV-infected women on ART and HIV-uninfected women. We hypothesized that ART has eliminated differences in pregnancy outcomes between HIV-infected and HIV-uninfected women. We specifically included HIV-uninfected women and HIVinfected women with high CD4 ($350 cell count) in this analysis to allow for comparison with general population of women, focusing on HIV ART effect as well as other underlying risk factors for adverse pregnancy outcomes. We excluded women with low CD4 because they are recommended to receive ART for their own health, irrespective of any other underlying factor or health of their children. Other aims of the POISE study are differences in mortality and morbidity among infants born to HIV-infected and HIVuninfected women.
METHODS

Setting and Study Population
This study was conducted in Blantyre, Malawi, from January 2016 to September 2017 at the main teaching hospital, the Queen Elizabeth Central Hospital (QECH), and at 4 major health centers representing the catchment area for QECH. Women were screened and enrolled at delivery if eligible. Based on the 2015-2016 Malawi Demographic and Health Survey, 96% of births are delivered in a health facility in urban areas including Blantyre. 22 
Study Design and Enrollment
This was a prospective, observational study. Women were enrolled at delivery and followed for 1 year with their infants. This analysis is limited to data obtained at delivery. Eligibility criteria were: confirmed HIV status; providing written informed consent; and singleton births. For HIVinfected women, additional inclusion criteria were: CD4 $350 cells/mm 3 , no WHO stage 3 or 4 HIV disease, and on ART for at least 1 week before delivery (standard-of-care ART, not provided by the study). The exclusion criteria were: inability to understand or sign informed consent; multiple births; and for HIV-infected women: CD4 cell count ,350 cells/mm 3 , WHO stage 3 or 4 HIV disease, and less than 1 week on ART. Women were consented to enroll with their infants, and no infant was excluded if mother provided consent. Women were counseled and consented either before or after delivery depending on time of arrival at the facility and the circumstances of each woman.
In Malawi, all women attending antenatal care are tested for HIV and those with HIV infection are immediately counseled and started on the national ART regimen (TDF, 3TC, and EFV) within 7 days. This information is available in a "Health Passport" that women present at health facilities. For HIV-infected women, we chose a cutoff of CD4 $350 cells/mm 3 to be consistent with the PROMISE study to allow for comparison with previous studies. Also, the transition to ART initiation at CD4 ,500 cells/mm 3 (vs 350) was not completed in Malawi at the time when the study started. For enrollment, we used the HIV clinical stage to determine eligibility because CD4 results were not immediately available. Once CD4 test results became available, women with low CD4 were exited from the study. In this study, eligible HIV-infected women were enrolled at delivery. Eligible HIVuninfected woman delivering at the same health facilities within a similar time period as an HIV-infected woman was concurrently enrolled.
Study Procedures
BW was measured immediately after birth by trained nurses and midwives using calibrated standard scales. GA assessment using the Ballard score 23 was performed by a trained study nurse within 36 hours of birth. GA was also estimated using date of the last menstrual period (LMP) that was available for all women in this study. At the enrollment visit (delivery), the following maternal procedures were completed: counseling and consenting for the study, verification of HIV status, physical examination, completion of questionnaires, and collection of blood samples. Maternal blood samples were used to verify HIV status based on 2 rapid tests, to measure CD4 cell count and HIV viral load for HIV-infected women, and to assess hematology and chemistry among all women. These tests were conducted at the Johns Hopkins Research Project laboratory in Blantyre, Malawi. For the newborn, a physical examination and anthropometric measurements were completed. Trained study nurses used study-specific structured questionnaires and case report forms to collect outcomes and exposures, including risk factors and potential confounders. Data were collected on socioeconomic and demographic factors, reproductive history (outcome of previous pregnancies and survival of children), time of initiation, and adherence to ART, regimen, and physical examination findings. Based on our previous research in this setting in Malawi, we identified women who reported having electricity in the house as having high socioeconomic status and those with no electricity in the house as low socioeconomic status. We also collected data on body mass index (BMI) at delivery as a measure of nutritional status. Although this study did not aim to study perinatal HIV transmission, infants found to be infected (N = 5) were referred to start ART per country guidelines. Similarly, HIVuninfected women who seroconverted on verification of their HIV status at delivery (N = 8) were referred for appropriate clinical assessment.
Data Management and Analyses
Data were entered, cleaned, anonymized, and aggregated before analysis. Three main outcomes were evaluated in this study: PTB, LBW, and SGA. We defined PTB as GA ,37 completed weeks and LBW as BW ,2.5 kg. SGA was defined as BW below the 10th percentile for GA based on a reference population developed by Oken et al. 24 We classified SGA ,third percentile of the reference population as very SGA (VSGA), an indication of IUGR. SGA was further classified using ponderal index [BW relative to birth length of infant: (100 · BWT in grams)/(birth length in centimeters) 3 ] to proportionate (symmetric or stunted) SGA and disproportionate (asymmetric or wasted) SGA. 7 We used a cutoff of $2.25 and ,2.25 of ponderal index to classify SGA infants to proportionate and disproportionate SGA, respectively. 25 Descriptive [frequencies, mean values, medians, and interquartile ranges (IQRs)] and bivariate analyses of sociodemographic, economic, and other factors were conducted first, overall, and stratified by key factors. We compared rates of the 3 major outcomes between HIV-infected and HIVuninfected women. Data from HIV-infected women were stratified by duration of exposure to ART (initiated ART before pregnancy, during first trimester, during second trimester, or during third trimester of pregnancy). Multivariable analyses assessed associations between pregnancy outcomes and HIV infection after adjusting for potential confounders. Multivariable logistic (binary outcome of PTB, LBW, and SGA) regression analysis was used and included covariates based on biological, epidemiological, and statistical importance. Crude and adjusted odds ratios (OR a ) [and 95% confidence intervals (CIs)] are presented. Multivariable linear (continuous BW outcome) regression analysis was conducted to assess the association of HIV with BW distribution after adjusting for other risk factors. Quantile regression was also used to examine differences in BW outcome at various quantiles (eg, at the tails of the distribution). 26 Per WHO recommendation and national guidelines, ART for all pregnant and breastfeeding women is the standard of care; therefore, we did not enroll an ART-naive cohort. However, we conducted several analyses restricted to HIV-infected women [eg, to assess effect of adherence using detectable or undetectable HIV viral load at delivery (,40 copies)]. In these analyses, we performed multivariable models using dummy variables for HIV status (with HIVuninfected being the reference) to explore the effect of HIV on pregnancy outcome. We compared those with undetectable viral load, as proxy for ART exposure alone, with HIVuninfected; and detectable to undetectable viral load to show the effect of HIV exposure alone.
We originally based sample size estimates of this study on the PTB outcome taking into account a stratified approach based on 3 groups of ART initiation before/during pregnancy by the trimester. Earlier data from Malawi suggested the overall frequency of PTB was ;8% 27 and a Botswana study reported a frequency of 26.5% PTB among women who continued triple ART from before pregnancy and 22.7% among all other HIV-infected women. 10 We estimated a sample size of 225 HIV-infected women for each of the 3 groups and included an equal number of HIV-uninfected women for each HIV-infected strata of ART exposure duration. Therefore, the total required sample size was 1350 (675 HIV-infected and 675 HIV-uninfected; 90% power, 2-sided a of 0.05, 1:1 ratio of exposed to unexposed, the Fisher exact test). We considered a P value #0.05 to be statistically significant. SAS version 9.4 (Cary, NC) was used for all analyses.
This study was approved by institutional review boards in Malawi (College of Medicine Research and Ethics Committee P10/15/1814) and in the United States (Johns Hopkins Bloomberg School of Public Health IRB00006708). Study staff completed human subjects' protection and good clinical practice certification before participant contact.
RESULTS
A total of 5423 women were approached at delivery across all study sites. Figure 1 shows a flow chart of the study with exclusions and enrollments. Approximately equal proportions of HIV-uninfected and HIV-infected women were eligible and successfully consented (48.1% vs 51.9%) per protocol. Overall, 1299 women were included in this analysis: 614 HIV-infected and 685 HIV-uninfected. Compared with HIV-uninfected women, HIV-infected women were older, had more pregnancies/children, and reported more previous pregnancy losses or adverse outcomes (eg, spontaneous abortions, stillbirths, premature births, and infant deaths); these differences were statistically significant. The median GA based on Ballard score was 38 weeks for both HIVinfected and HIV-uninfected women, and similarly, the median GA based on LMP estimates was 39.29 weeks for both HIV-infected and HIV-uninfected women. See Supplemental Digital Content 1, http://links.lww.com/QAI/B223 for a full list of baseline characteristics of HIV-infected and HIVuninfected women in Blantyre, Malawi. Table 1 shows rates and distributions of adverse pregnancy outcomes. The overall rates of adverse pregnancy outcomes were 10.0% for PTB, 6.0% for LBW, and 17.8% for SGA. The rates of these outcomes were similar between HIV-infected women on ART and HIV-uninfected women and not statistically different (P . 0.05). To further compare the distribution of these outcomes by HIV status, we analyzed multiple cross-tabulations separately for HIV-infected women using ART and HIV-uninfected women. As described by others, 5, 28 we created 4 mutually exclusive groups for PTB and SGA: (1) Term and Appropriate for GA (Term AGA); (2) Term SGA; (3) PTB and AGA; and (4) PTB and SGA. Similarly, 4 mutually exclusive groups were created for SGA and LBW, and PTB and LBW. Table 1 shows summaries of these rates among HIV-infected women on ART and HIV-uninfected women. The rates for all combinations of outcomes are comparable between HIV-infected and HIVuninfected women. In HIV-uninfected women, the rate of Term SGA or in those with normal BW (NBW SGA) was 16.4% and 14.3%, respectively. Similar rates were observed in HIV-infected women on ART (16.3% and 12.5%, respectively). The rate of Term LBW was 2.0% in HIVuninfected women and 3.8% in HIV-infected women. The rates of PTB SGA, LBW SGA, and PTB LBW were 2.0%, 4.1%, and 2.9%, respectively, in HIV-uninfected women and 0.8%, 4.6%, and 3.4%, respectively, in HIV-infected women.
There were no associations between adverse pregnancy outcomes and HIV infection after controlling for other variables. Table 2 shows that in multiple logistic regression models, the associations between HIV infection and PTB, LBW, and SGA were not statistically significant (models 1, 2, and 3). In these models, the main predictors of the 3 adverse pregnancy outcomes were BMI and socioeconomic status: higher BMI was associated with lower risk and low socioeconomic status was associated with higher risk. Gravidity was associated with PTB and LBW, and previous pregnancy loss/adverse outcome was associated with LBW. Similar results were obtained when a multiple linear regression model is used with BW on a continuous scale, with no statistically significant association observed (See Supplemental Digital Content 2, http://links.lww.com/QAI/B223: Association of HIV infection with BW controlling for other factors, a linear regression model). The main predictors of increased BW were higher gravidity, no previous pregnancy losses/adverse outcomes, higher BMI, and higher socioeconomic status.
Of the 231 mother-infant pairs with SGA, 182 (78.8%) were proportionate SGA and 49 (21.2%) were disproportionate SGA (See Supplemental Digital Content 3, http:// links.lww.com/QAI/B223: Outline of SGA infants, Blantyre, Malawi). Most of the proportionate SGA infants were born to HIV-uninfected women (N = 109, 59.9%) and most of the disproportionate SGA were born to HIV-infected women (N = 32, 65.3%) (P = 0.002). We stratified the overall multivariable model of SGA in Table 2 (model 3) by proportionate and disproportionate SGA outcomes. Because proportionate SGA is generally assumed to occur due to early insults during pregnancy, whereas disproportionate SGA likely occurs due to late pregnancy insults, and stratification by these 2 subcategories has the potential to explore time effects controlling for HIV infection and other risk factors. Table 3 shows that among 1250 women (182 proportionate SGA and 1068 appropriate for GA), HIV infection and proportionate SGA were not associated (P = 0.30) after controlling for other factors; only low socioeconomic status was significantly associated with proportionate SGA (adjusted OR = 1.39; P = 0.05). However, among 1117 women (49 disproportionate SGA and 1068 appropriate for GA), the association between HIV infection and disproportionate SGA was statistically significant (OR a 2.28; P = 0.01); no other factors were significantly associated with disproportionate SGA (Table 3) . We further classified the proportionate and disproportionate SGA to VSGA or not VSGA (see Supplemental Digital Content 3, http://links.lww.com/QAI/B223). Table 4 shows that there was no association between treated HIV infection and proportionate VSGA. However, the adjusted association between treated HIV infection and disproportionate VSGA (N = 11 HIV-infected and 4 HIV-uninfected) was statistically significant (OR a = 4.95, 95% CI: 1.43 to 17.19) ( Table 4) . Lower gravidity was also significantly associated with increased risk of disproportionate VSGA.
We examined the rate of PTB outcome stratified by timing of ART initiation before or during pregnancy. The rate of PTB did not differ by time of ART initiation; 11.4% (34/ 299) if initiated before pregnancy, 9.3% (24/257) during the first or second trimester, and 12.1% (7/58) during the third trimester. Adjusting for the same variables as in Table 2 showed no significant association between timing of ART initiation and adverse pregnancy outcomes, both in HIVinfected-only models or models with HIV-uninfected as a reference dummy variable (data not shown). Of the 614 HIV-infected women who were on ART at time of delivery, 459 (74.8%) had suppressed viral load (,40 copies) and 155 (25.2%) had detectable viral load (10.9% $40 to ,400; 8.1% 400 to ,10,000; and 6.2% .10,000 copies). The median duration of exposure to ART for the 155 women with detectable viral load was 129 days (IQR 76-493). Baseline CD4 cell count among HIV-infected women was high: median 658.00 (IQR 503.00-833.00); 75.7% had CD4 count .500 cells/mm 3 .
DISCUSSION
In this relatively healthy cohort of HIV-infected women using ART, adverse pregnancy outcomes were comparable with that of HIV-uninfected women recruited from the same setting and at the same time in Blantyre, Malawi. There were no statistically significant differences in rates of PTB, LBW, or SGA between the 2 cohorts. These results are consistent with our original hypothesis and suggest that ART (particularly TDF/3TC/EFV) can eliminate differences potentially attributed to HIV without introducing additional risk of adverse pregnancy outcomes. These findings are consistent with the findings from Botswana. 12, 13 In addition, this study shows that certain risk factors, specifically maternal nutrition and overall socioeconomic status, are persistent risk factors for adverse pregnancy outcomes assessed in this population. These statistically significant associations were independent of HIV/ART and excluding women with low CD4 or severe HIV disease. The lack of association of HIV infection with PTB, LBW, and SGA is likely due to consistent ART use during pregnancy. Approximately 75% of women had suppressed virus at time of delivery, and ;76% had CD4 count .500 cells/mm 3 at delivery, which suggest high adherence to ART during pregnancy. The lack of association is unlikely due to confounding; we adjusted for several potential risk factors known to influence these outcomes using multiple methods. Duration of ART exposure before or during pregnancy did not impact results. We excluded HIV-infected women with low CD4 count and severe clinical disease to target healthy HIV-infected women and minimize the effect of HIV to better understand the effect of ART. In addition, HIV-infected women with low CD4 cell count and clinical disease are prescribed ART for their own health, regardless of pregnancy status. In the large multicountry PROMISE trial, women with CD4 ,350 cells were also excluded. 3 Our findings also highlight the benefits of incorporating other measures of newborn health in Malawi, and the region. Relying heavily on BW data alone may lead to underestimation of the magnitude of adverse pregnancy outcomes and related morbidity. Although BW is routinely available in health facilities, GA is not consistently or reliably assessed, and estimation of SGA requires calculations based on an appropriate reference population. However, newborns can be preterm or SGA without being LBW. 7 Data from this study show important findings regarding the distribution of pregnancy outcomes: the rate of term SGA was ;16% and the rate of infants with NBW but still SGA was ;13% (Table 1) . This information could not be known through BW alone. Use of BW percentiles and ponderal index in this study allowed for robust analysis of SGA as proportionate and disproportionate. These analyses could highlight the timing of insult during pregnancy and may reveal the potential effect of risk factors other than HIV/ART. Although all infants with intrauterine growth restriction (IUGR) are also SGA, not all SGA infants have IUGR. 7 Among women with proportionate SGA infants (early insults during pregnancy), HIV infection was not associated with proportionate SGA. However, among women who had disproportionate SGA (late insults during pregnancy), there was a strong association between HIV infection and disproportionate SGA. Further stratification by severity of SGA (,third percentile of BW) showed an association between HIV infection and disproportionate VSGA, although numbers were small (see Supplemental Digital Content 3, http://links.lww.com/QAI/B223). Examination of the 11 HIV-infected mothers with disproportionate VSGA infants showed that all had suppressed viral load, except 2 women with high viral load and one woman with PTB, and as expected, all had LBW. All women reported using ART for relatively long periods and had high CD4 cell counts. We have no clear mechanism to explain why HIV is associated with this severe adverse outcome in the presence of ART. Potential interactions and residual confounding (eg, genetic or environmental) may play a role. Future studies should consider the effect of ART on these subcategories of adverse outcomes. The causes of many adverse pregnancy outcomes are complex and multifactorial. 7 A major strength of this study is the inclusion of HIV-uninfected cohort to obtain background rates of adverse pregnancy outcomes and risk factors, and provided a comparison group for the HIV-infected cohort from the same setting, allowing for greater generalizability of study findings. We considered the potential for selection bias. In this study, all women were recruited from the same health facilities and approximately around the same calendar time. All women had the same procedures conducted by a trained research team. It is likely that any selection would have affected both cohorts similarly and therefore introduce minimal bias. We compared rates of pregnancy outcomes using both Ballard score and LMP to assess misclassification. Although there was no observed difference in PTB between cohorts, PTB was overestimated if date of LMP was used in the analysis, similar to a study in South Africa. 29 We also adjusted for potential confounders using a multiple linear regression model with BW as a continuous measure to avoid a specific cutoff (eg, 2.5 kg); again, there was no association with HIV status. We repeated the logistic regression models using log-binomial models to assess whether the estimates were overestimated; the ORs and relative risks obtained were comparable, even for SGA which was the most frequent outcome. Residual confounding is a possibility and the list of variables we included in the models did not include infections such as malaria and genital tract infections. We could not classify PTB into very PTB or other subgroups because the numbers were too small, partly due to the exclusion criteria.
Despite the encouraging results of HIV treatment effects, expanding use of ART across the life span requires continuous monitoring to assess safety. Also, these results show that several conventional risk factors such as maternal nutrition and socioeconomic status are still taking a toll on pregnancy outcomes, independent of HIV infection, and ART use. This study showed that the rates of adverse pregnancy outcomes are high in Malawi: with the exception of LBW (which could be due to the exclusion of unhealthy women from the study), the rates of PTB and SGA in this study are similar to what have been reported in the general population of African women. In the era of universal ART and expansion of ART services in SSA, the value of improving maternal health beyond HIV treatment remains. This is a priority for both HIV-infected and HIV-uninfected women in these resource-constrained settings.
